In this study, two Zr-based amorphous alloy matrix composites reinforced with STS304 stainless steel continuous fibers whose diameters were 110 and 250 lm were fabricated by the liquid pressing process. Using a Hopkinson pressure bar, the compressive deformation behavior was investigated at a strain rate of about 10 3 s À1 , and the results were then compared with those obtained under quasi-static loading. 65 to 68 vol pct of STS fibers were homogeneously distributed in the amorphous matrix, in which considerable amounts of dendritic crystalline phases were present. According to the dynamic compressive test results, shear cracks were formed at the maximum shear stress direction in the 110-lm-diameter-fiber-reinforced composite to reach the final failure. In the 250-lm-diameter-fiber-reinforced composite, fibers were not cut by shear cracks because the fiber diameter was large enough to restrict the propagation of shear cracks, while taking over a considerable amount of compressive loads over 1500 MPa. This composite showed the higher yield and maximum compressive strengths and plastic strain than the 110-lm-diameter-fiber-reinforced composite because of the sufficient ductility of STS fibers, the effective interruption of propagation of shear cracks, and the strain hardening of fibers themselves.
I. INTRODUCTION
NOTABLE advances in amorphous alloys have been made since amorphous alloys were made by conventional casting methods. [1, 2] Particularly in Zr-based amorphous alloys, high amorphous forming ability as well as excellent hardness, stiffness, strength, and corrosion resistance are achieved, and thus these alloys have been applied to high-performance structural components. [3] [4] [5] [6] However, they have poor ductility and toughness because the brittle fracture readily occurs by the formation of localized shear bands under tensile or compressive loading conditions. If amorphous matrix composites, in which reinforcements such as fibers or particles are homogeneously dispersed in the amorphous matrix, are developed, problems of poor ductility and toughness can be solved.
Fabrication processes of amorphous matrix composites include the partial crystallization of amorphous alloys to disperse nanocrystallines, [7] [8] [9] [10] [11] the formation of dendritic crystalline phases from the amorphous melt, [12] and the addition of crystalline particles into the amorphous melt. [13] [14] [15] In cases of cast amorphous matrix composites, reactions between reinforcements and amorphous melt should be carefully controlled. In order to effectively fabricate cast composites, it is necessary to develop a new-concept process technology, e.g., a liquid pressing process using a theoretically required minimum loading pressure during the casting. [16, 17] It has advantages of complete infiltration of the melt into a fiber perform, elimination of pores formed during solidification, and prevention or minimization of crystallization of amorphous matrix. [18] Most studies on Zr-based amorphous alloys or composites are conducted under static or quasi-static loading, and the deformation behavior under dynamic loading is hardly investigated. The dynamic deformation behavior should be sufficiently clarified so that amorphous alloys or composites can be effectively applied to strategic fields such as defense, aerospace, and, precision machinery. [19] Under dynamic loading such as high-speed metal forming, machining, and ballistic impact, the resistance to deformation or fracture is generally lower than under quasi-static loading because the plastic deformation is often highly localized in a narrow region. [20, 21] Qiao et al. [22] reported from the dynamic compressive test of Zr-based amorphous alloys that multiple shear bands were not sufficiently formed under dynamic loading, and that the maximum compressive stresses were lower than those measured under quasi-static loading. However, the reason why the abrupt shear deformation under dynamic loading differs from that under quasi-static loading has not been thoroughly studied yet.
In addition to loading rate effect, mechanical properties of Zr-based amorphous matrix composites can be varied by changing the diameter of reinforcing continuous fibers. [23] [24] [25] According to Li et al., [23] the length and diameter of reinforcing fibers influenced the pull-out force and the crack opening during the fracture process of cement composites reinforced with Spectra 900 polyethylene fibers. Wagner and Lustiger [24] found the effect of fiber diameter on toughness of polypropylene composites reinforced with polyethylene terephthalate (PET) fibers by examining the pull-out energy. In aluminum alloy matrix composites reinforced with carbon nano-tubes, mechanical properties were varied with the tube diameter. [25] Thus, studies on dynamic deformation and fiber dimensions are essential for evaluation of composite designing, microstructural modification, and high-speed process control.
In this study, Zr-based amorphous matrix composites reinforced with STS304 stainless steel continuous fibers whose diameters were 110 or 250 lm were fabricated by the liquid pressing process. During the process, chemical reactions between STS304 stainless fibers and amorphous matrix were prevented or minimized. The dynamic compressive test was performed at a strain rate of about 10 3 s
À1
by using a Hopkinson pressure bar, [26, 27] and deformation mechanisms were analyzed by observing dynamically deformed areas. The results were then compared with those obtained under quasi-static loading. Based on the test results, the feasibility of the liquid pressing process was verified, and mechanisms of the property improvement under dynamic loading were investigated.
II. EXPERIMENTAL
An 'LM1' alloy (chemical composition; Zr 41.2 Ti 13.8-Cu 12.5 Ni 10.0 Be 22.5 (at. pct), which is a commercial brand name of the Liquidmetal Technologies, Lake Forest, CA) was used for the fabrication of amorphous matrix composites reinforced with continuous fibers. Two kinds of STS304 stainless steel fibers whose diameters were 110 or 250 lm were used as reinforcements. Representative physical properties of the LM1 alloy and STS304 continuous fibers are summarized in Table I . Figure 1 shows a schematic diagram of the liquid pressing process. [28, 29] The STS304 stainless steel mold interior was sized by 23 9 50 9 4 mm. A pre-form of continuous fibers and LM1 alloy plates were inserted into the mold, degassed, and evacuated. The mold was heated to 1103 K (830°C), and was pressurized to 10 MPa. After the pressing for a few minutes, the mold was water-cooled so that amorphous phases could be readily formed from the solidified matrix. The short-time pressing would be helpful for minimizing the contact between amorphous alloy melt and stainless steel fibers. For convenience, amorphous matrix composites reinforced with 110-and 250-lm-diameter STS304 stainless steel fibers are referred to as 'S1' and 'S2', respectively. The composites were sectioned and polished for the optical and scanning electron microscope (SEM) observation. Phases formed in the composites were analyzed by X-ray diffraction (XRD). The volume fractions of fibers present in the composites were measured at five areas at least by an image analyzer (model; SigmaScan Pro ver. 4.0, Jandel Scientific Co., Erkrath, Germany), and were averaged because they were slightly varied with the measured areas. The composites were machined into cylindrical specimens of 3u 9 3 mm in size, and room-temperature quasi-static compressive tests were conducted on these specimens at a strain rate of 5.6 9 10 À4 s À1 . The test was performed three times for each composite, and the test data were averaged. In the dynamic compressive test, a Hopkinson pressure bar was used, as shown in Figure 2 . The cylindrical specimen (size; 3u 9 3 mm) was loaded by impacting the incident bar with the striker bar (diameter; 20 mm). The striker was propelled using a drive pressure of 103 kPa. The strain rate could be controlled by varying the compressive pressure. During the dynamic compression, the incident wave, reflective wave, and transmitted wave were respectively detected at strain gages, and recorded at an oscilloscope. Among the recorded wave signals, average compressive strain rate expressed as a function of time was measured from the reflected wave, while compressive stress expressed as a function of time was measured from the transmitted wave. Dynamic compressive stress-strain curves were obtained from these two parameters by matching the stress and strain at a given time. Compressive strain rate during the test was about 2.0 9 10 3 s À1 . Detailed descriptions of the dynamic compressive test are shown in the work of Kim et al. [30] After the test, side regions and crosssectional areas of the deformed specimens were examined by an SEM.
III. RESULTS

A. Microstructure
Figures 3(a) through (d) are SEM micrographs of the STS-fiber-reinforced S1 and S2 composites. STS fibers are randomly distributed in the matrix, and their volume fraction is about 65 and 68 pct in the S1 and S2 composites, respectively (Figures 3(a) and (b)), which indicates that they are almost same within error ranges. Under the assumption that the fiber volume fractions are same in the two composites, the effect of fiber volume fraction is not considered in the present study. Very few pores and defects are formed by misinfiltration or reaction products found at fiber/matrix interfaces. In the matrices of the S1 and S2 composites, dark-grayand bright-gray-colored particles are observed (Figures 3(c) and (d)). Dark-gray-colored particles are identified as ZrC by the EDS analysis. [18] These ZrC particles were formed by the interaction of Zr with C of a graphite crucible during the processing of an LM1 master alloy in an induction melting furnace, and were not dissolved during the liquid pressing process.
[31] The bright-gray-colored particles are dendritic crystalline phases formed by the partial crystallization from the amorphous melt during the solidification, and their volume fraction is about 38 pct in the matrix. Their hardness was measured by an ultra-micro-Vickers hardness tester under a load of 5 g. It is 917 VHN, which is harder than that of the amorphous matrix (640 VHN).
[32] Figure 4 shows XRD patterns of the S1 and S2 composites. Peaks of the austenite phase of STS fibers and unknown crystalline phases as well as broad peaks of amorphous phase are observed. This XRD result indicates that the matrix is mostly composed of amorphous and crystalline phases with small inclusions like ZrC making up the rest of the composition. Figure 5 shows typical engineering compressive stress-strain curves of the LM1 alloy and S1 and S2 composites, and their yield strength, maximum strength, and plastic strain are summarized in Table II . The yield and maximum strengths of the LM1 alloy are 1664 MPa, and the plastic strain is hardly shown. In the S1 composite, the maximum strength is 1062 MPa, which is lower than that of the LM1 alloy. The fracture does not take place even above the strain of 32 pct, while keeping the strength above 1050 MPa. The maximum strength of the S2 composite is 1204 MPa, which is slightly higher than that of the S1 composite, but the fracture starts at the plastic strain of 11 pct.
B. Quasi-static Compressive Properties
SEM micrographs of the quasi-statically deformed compressive specimens of the S1 and S2 composites are shown in Figures 6(a) through (e). In the S1 composite, the specimen is deformed by buckling and barreling without fracture, while most fibers remain intact ( Figure 6(a) ). This shows that the amorphous matrix undergoes the slow cracking and fracture, instead of the complete fracture at one time, because fibers continuously withstand the applied load. Figures 6(b) and (c) show SEM micrographs of the cross-sectional area of the compressively deformed specimen of the S1 composite. In the center region of the specimen, STS fibers are bent, while fiber/matrix interfacial separations are hardly found. Fibers are first bent, but the amorphous matrix is also deformed together with bent fibers. This indicates the quite strong fiber/matrix interfacial bonding and the considerably excellent ductility (Table II) . Figure 6 (c) is the magnified micrograph of the right side edge region of Figure 6(b) . Here, the cracking of amorphous matrix and fiber/matrix interfacial separation are found as fibers are severely bent. The cracking of the amorphous matrix is also found.
On the other hand, the S2 composite is fractured in parallel with the compressive loading direction, as shown in the SEM micrograph ( Figure 6(d) ) of a broken piece of the compressive specimen. Large-diameter (250 lm) STS fibers are slightly bent because they . Some STS fibers have fractured away from the amorphous matrix, and leave very rough and irregular surfaces on which zig-zag type cracks are observable ( Figure 6(e) ). These zig-zag type cracks imply that the cracking occurs relatively slowly in the S2 composite. Figure 7 presents typical dynamic compressive stressstrain curves of the LM1 alloy and S1 and S2 composites, from which yield strength, maximum compressive strength, and plastic strain are obtained as listed in Table II . The yield and maximum strengths of the LM1 specimen are 1248 and 1440 MPa, respectively. In the LM1 alloy, the abrupt fracture occurs as the resistance to fracture under dynamic loading drops, and thus the dynamic strengths are lower than the quasi-static strengths. The yield strength of the S1 composite is higher by about 450 MPa under dynamic loading than under quasi-static loading. The stress decreases after the maximum stress point. It is also higher than the yield strength of the LM1 alloy. This is because the compressive stress of the LM1 alloy cannot rise sufficiently with increasing strain as deformation does not sufficiently occur up to the plastic range due to very low strain. The yield strength of the S2 composite is higher than that of the S1 composite, which shows a different trend of the quasi-static compressive test data. After the yield point, the stress stays near 1500 MPa to~10 pct strain in the S2 composite, indicating that the specimen might not be fractured up to that strain. The Hopkinson bar testing system shows a stress-strain curve up to a certain strain because it uses the first compressive wave only. [33] Thus, the system needs to be modified with momentum traps to avoid reloading the test specimen. When the specimen is further deformed as the second or subsequent compressive waves are transmitted, the specimen may be fractured. In fact, the specimen of the S2 composite was fractured into several pieces.
C. Dynamic Compressive Properties
SEM micrographs of the dynamically deformed compressive specimen of the S1 composite are shown in Figures 8(a) through (d) . Figure 8(a) shows the overall morphology of the S1 composite. The S1 composite specimen is compressed into 2.3 mm in thickness, and cracks are observed on upper and side planes, as indicated by arrows, although the specimen was not completely fractured. On the side plane, shear cracks are developed at the maximum shear stress direction (about 45 deg to the compressive loading direction). In order to observe inner cracks, the specimen of Figure 8 fractured, and the fractured surface is shown in Figure 8(b) . The shear fracture plane formed at the maximum shear stress direction is clearly visible as indicated by an arrow. As many fibers are pulled out, a considerable area of the amorphous matrix is exposed. Most of remained fibers covered with the amorphous matrix. When the dotted rectangular area of Figure 8 (b) is magnified, as shown in Figure 8 (c), fibers are sharply cut, while they are slightly bent. As fibers are pulled out from the amorphous matrix, rough and irregular surfaces are shown in the amorphous matrix area. The cross-sectional SEM micrograph of the S1 composite is shown in Figure 8(d) . A large shear crack dividing the specimen into two parts is formed inside, although it is invisible from the outside. Some fiber/matrix interfacial separations and slightly curved fibers are also observed near the shear cracked areas. The overall morphology of the largest piece of the S2 composite specimen is shown in Figure 9 (a). Shear cracks are not observed on upper and side planes. This indicates that the fracture occurs along the compressive loading (or fiber direction), instead of the maximum shear stress direction, which is similar to the deformation and fracture behavior of the quasi-statically deformed specimen (Figure 6(d) ). Figure 9 (b) shows the fracture surface of the broken piece. STS fibers are hardly bent, and are covered with a considerable amount of amorphous matrix, which results in very tortuous surface. Zig-zag type cracks are also found, like in the case of the quasi-statically compressed specimen ( Figure 6(e) ). Figure 9 (c) is magnified fracture surface of the dotted rectangular area of Figure 9 (b). Only a little area of fibers is exposed as most of fibers are covered with the amorphous matrix. In the amorphous matrix area, a few secondary cracks which are propagated from the surface into the interior are observed. Figure 9(d) is the cross-sectional SEM micrograph of the S2 composite, as indicated by dotted lines in Figure 9 (a). The shear cracking occurred in the S1 composite is not observable. The fiber/matrix interfacial separations, bending of fibers, and cracking in the amorphous matrix are not found either.
IV. DISCUSSION
In the present composite fabrication, i.e., liquid pressing process, the amorphous melt sufficiently infiltrates into the pre-form of STS fibers because of the hydrostatically applied pressure. Defects such as misinfiltration or pores formed by solidification or contraction are eliminated, although some crystalline phases are formed in the amorphous matrix (Figures 3(c) and (d) ). This microstructural analysis result is well matched with the results of Wang et al. [34] which showed the excellent interfacial wettability in Zr-based amorphous composites. Fractographic results (Figures 6(e), 8(c), and 9(b) ) show that the STS fibers are covered with amorphous matrix, which implies a good fiber/matrix interfacial bonding. This also indicates a successful fabrication of the amorphous matrix composites by the liquid pressing process. The partial crystallization occurs in the present S1 and S2 composites reinforced with STS fibers due to the diffusion from STS fibers to the matrix or due to the fiber/matrix interfacial reaction. Nagendra et al. [35] reported that the partial crystallization in amorphous alloys generally led to the embrittlement. In the S1 and S2 composites whose amorphous matrix contains a considerable amount of crystalline phases, it is expected that cracks are more easily initiated in the crystalline phase. These crystalline phases negatively affect mechanical properties upon the tensile test, but their effects on compressive properties are quite small, as reported in previous papers. [31, 36] It is seen from the dynamic compressive test results that fracture mechanisms are different in the S1 and S2 composites. This indicates that how effectively the propagating cracks are blocked by fibers is more important rather than the effect of the crack initiation in the amorphous matrix. In fact, a considerable number of cracks are initiated in the amorphous matrix in the both composites, but the S2 composite reinforced with large-diameter (250 lm) STS fibers shows better dynamic compressive properties than the S1 composite reinforced with small-diameter (110 lm) STS fibers. This is because the larger diameter fibers improve the crack resistance properties of the composite.
During the quasi-static compressive test, the LM1 alloy shows a stress-shear curve observed in brittle materials ( Figure 5 ) as the deformation is concentrated on a few highly localized shear bands, and its plastic strain is very small. [18] The S1 composite shows the plastic strain over 32 pct because STS fibers are sufficiently deformed by bending and buckling. STS fibers also work to withstand a considerable amount of applied loads, while the amorphous matrix sustains bent or bucked fibers ( Figure 6(b) ). In the compressive stress-strain curve, the compressive stress continuously increases up to 1500 MPa after the yield stress point (1050 MPa) without fracture because fibers effectively withstand the applied load. On the contrary, the yield and maximum strengths of the S2 composite are higher than those of the S1 composite, but the fracture occurs after the strain of 17 pct. Large-diameter STS fibers can withstand a considerable amount of applied loads by themselves, while they are hardly bent. However, the S2 composite is deformed and fractured in parallel with the compressive loading direction with a little barreling of the compressive specimen as cracks propagate mainly along the amorphous matrix. This crack propagation path results in the lower plastic strain than that of the S1 composite. Currently, mechanisms of deformation and fracture in the STS-fiber-reinforced composites under dynamic loading were considered to be similar to those under quasi-static loading. [30] The deformation under either of these loading conditions was expected to occur by itinerant processes such as bending and buckling of fibers, crack initiation in the amorphous matrix, and coalescence and propagation of cracks, which can typically occur under quasi-static loading. [30] However, the experimental results of this study show that there is a strain rate dependence of the deformation and fracture processes in the S1 and S2 composites. In these composites, both the crack initiation and propagation in the amorphous matrix are affected by the strain rate.
When the fiber-reinforced composites are quasi-statically compressed, the deformation and fracture proceed in a different pattern from the case of dynamic compressive loading. Generally speaking, in amorphous alloys under compressive loading, one or two shear bands are formed at 50 to 60 deg angle to the compressive loading direction, along which cracks are drastically propagated to final fracture. [37, 38] However, in the case of composites reinforced with ductile STS fibers, the shear deformation of the amorphous matrix is significantly constrained by fibers, and the deformation continuously proceeds while most of fibers remain intact. Observation of the deformed region of the composites (Figures 6(a) through (e)) reveals that STS fibers are bent, while fiber/matrix interfacial separations are hardly found. This is a good indicator of the excellent fiber/matrix interfacial bonding, and shows that the propagation of cracks initiated in the amorphous matrix is interrupted by ductile fibers. The cracks are opened as the compressive load increases, but the load in the cracked region is effectively sustained by fibers. Since fibers effectively interrupt the propagation of cracks formed in the amorphous matrix and take over the loads applied in the cracked region, the composites can be compressively deformed further, and show high plastic strain of 11 pct or higher (Table II) , although its matrix is a brittle amorphous alloy. Under dynamic loading, on the contrary, the progressive accumulation of local strain at a particular region may not be expected, because the time is not sufficient to go through continuous moderate deformation processes. Instead, the very rapid increase in strain is expected in the amorphous matrix. The fibers can obstruct first the primary crack propagation path.
In the S1 composite, cracks are initiated in the amorphous matrix, and find an easy way or path to propagate. Shear cracks develop along the maximum shear stress direction, and the fracture proceeds along these shear cracks (Figure 8(a) ). Fibers can play roles in interrupting the propagation of shear cracks initiated in the amorphous matrix and in taking over a considerable amount of compressive loads. However, if the fiber diameter is not large enough, these roles of fibers do not effectively work. In this case, fibers are cut by shear cracks in the same shear direction as the amorphous matrix, while they are hardly bent, and thus compressive loads are not sufficiently taken over by fibers. This cut of fibers works as a main cause for the reduced stress after reaching the maximum stress point in the dynamic compressive stress-strain curve ( Figure 7 ). In addition, the volume fraction of fibers may affect the reduced stress and the related fracture mechanism because the fiber volume fraction of the S1 composite is slightly lower than that of the S2 composite. Here, the S1 composite whose fiber distribution is not even or uniform can allow for the failure dominated by the matrix more easily, thereby leading to the drop in stress right after the maximum stress point.
When the fiber diameter is large enough to restrict the propagation of shear cracks initiated in the amorphous matrix, fibers are not cut by shear cracks developed along the maximum shear stress direction, while taking over a considerable amount of compressive loads. In the S2 composite whose fiber diameter is larger than that of S1 composite, cracks initiated in areas of the amorphous matrix do not propagate along the maximum shear stress direction, as large-diameter fibers are effective for restricting the shear cracking, but do propagate along the compressive loading direction (or matrix aligned direction) (Figure 9(b) ). The crack propagation behavior does not provoke the abrupt reduction in compressive stress which appears in the S1 composite, but results in continuously sustaining of the compressive stress. The S2 composite shows the higher yield and maximum compressive strengths and plastic strain at the same time than the S1 composite because of the sufficient ductility of STS fibers, the effective interruption of propagation of shear cracks, and the strain hardening of fibers themselves. Therefore, the compressive stress is maintained over 1500 MPa up to the strain of 10 pct, while showing the undulations in the compressive stress-strain curve of Figure 7 . Under quasi-static loading, on the contrary, where the time is enough for fibers to be deformed, the deformation continuously proceeds, and cracks initiate and propagate mostly along the compressive loading direction (Figure 6(d) ), which leads to a drop in applied load as shown in Figure 5 .
V. CONCLUSIONS
Zr-based amorphous alloy matrix composites reinforced with STS304 stainless steel continuous fibers whose diameters were 110 and 250 lm were fabricated by the liquid pressing process, and their quasi-static and dynamic compressive properties were interpreted in relation with microstructures and deformation mechanisms.
1. The Zr-based amorphous matrix composites reinforced with STS continuous fibers were successfully fabricated by the liquid pressing process as the amorphous melt was completely infiltrated into the preform of fibers. Approximately, 65 to 68 vol pct of STS fibers were homogeneously distributed in the amorphous matrix, in which considerable amounts of dendritic crystalline phases were present. 2. According to the quasi-static compressive test results, the 110-lm-diameter-fiber-reinforced composite showed the plastic strain over 32 pct because small-diameter fibers were sufficiently deformed by bending and buckling. In the 250-lm-diameter-fiber-reinforced composite, large-diameter fibers were deformed and fractured in parallel with the compressive loading direction with a little barreling of the compressive specimen. As cracks propagated mainly along the amorphous matrix, the plastic strain was lower than that of the small-diameterfiber-reinforced composite. 3. Under dynamic compressive loading, shear cracks were formed at the maximum shear stress direction in the small-diameter-fiber-reinforced composite to reach the final failure. In the large-diameter-fiberreinforced composite, on the other hand, fibers were not cut by shear cracks because the fiber diameter was large enough to restrict the propagation of shear cracks, while taking over a considerable amount of compressive loads over 1500 MPa. This composite showed the higher yield and maximum compressive strengths and plastic strain than smalldiameter-fiber-reinforced composite because of the sufficient ductility of STS fibers, the effective interruption of propagation of shear cracks, and the strain hardening of fibers themselves.
